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Paterson Laboratories, Christie Hospital & Holt Radium Institute, Manchester, England 
La beling and mitotic index data a nd estimates for t he length of t he Sand M phases of t he 
cell cycle from the literature have been compared with new data obtai ned over a 24- hr period 
from various epidermal s ites in mouse , It has been found t hat va lues obtained at a s ingle time 
of the day may give mislead ing resul ts. All data have been in terpreted in terms of cell 
production rates per epidermal proliferative unit (EPU), The final conclus ions after 
consideration of ce ll produc t ion rates, labeling and mitotic indices, epidermal tra ns it t imes , 
and ep idermal structure are that dorsa l a nd ear skin have rather similar ce ll production rates 
while ta il and foot rates a re 4 to 7 t imes higher, A comparison has a lso been made between the 
mouse results and the avai lable human data , Hairless mouse dorsum appears from structura l 
a nd proliferat ive aspects to be the best model for some regions of human skin, 
A new model has been proposed for ep iderma l proliferation based on t he EPU, The mod el 
suggests a role for the Langerhans ce lls and suggests t hat t here is a program of sequential 
cellular maturity in t he EPU origina ting at t he level of a centra l basal stem ce ll t hrough 
committed proliferative cell s and ending with cell loss from t he skin surface . 
There is an extensive li teratu re on epidermal cell 
kinet ics in mice and some data a re ava ilable on hu-
man epiderm is, Most results are interpreted on t he 
assumption that t he basa l layer of t he epidermis is 
a fairly homogeneous proliferative population (F ig, 
1), Recent reports indica te that t his is an oversim-
plificat ion, Epidermis from ma ny s ites in several 
species is known to be highly organized with the 
cornified ce lls a rranged in precise columns ' [1- 3 ], 
These co lumns of hexagona l cornifi ed ce ll s [4- 6) 
are arranged above groups of basa l cells [7- 9 ], The 
entire column with its associated basal cell s can be 
rega rd ed as a discrete ep idermal proliferative unit 
(EPU) , These units are composed of a number of 
proliferat ive basal cells, a single Langerhans ce ll , 
and 2 to 3 postmi totic maturing basal cell s with 
melanocytes scatte red irregu larly among t he units 
[9,lD ], Each unit a lso conta ins a number of nu -
cleated , i1attened , differenti at ing ce lls a nd several 
dead cornified cells, t he precise numbers depend -
ing on the site studied , The techn ica l a bility to 
recogni ze the limits of t he units is at present 
restricted to regions with low, steady-state kineti cs: 
Radiobiologic studi es indicate t hat each unit con-
tains a si ngle regenerat ive "stem" cell (clonoge nic 
cell) [11], a nd a model has been proposed which 
suggests that the Langerhans cell might fulfill this 
role [12 ], The consequence of t his structural a nd 
functiona l organ ization of t he epidermis is that ce ll 
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kinetic data should now be in terpreted in relation 
to the EPU, 
MATERIALS AND METHODS 
Labeling and mitot ic index (LI a nd MT) results a nd 
est im ates for the length of" Sand M phases (T. a nd Tm) 
f"rom t he published mouse and huma n data have bee n 
used to determine overa ll mea n values, Wh ere measure-
ments over a 24- hr period have been presented t.hese have 
been tabulated separate ly, These pa ram eters have been 
used to determine th e ce ll production ra tes (J<) us ing the · 
relationship N x LI = I< x T . , or N x MI = K x T 
where N is the number of basal ce lls a nd J< is the celllo;~ 
rate or ce ll production rate. 
Additional ex perim ents were conducted to determine 
cell cycle data independently for ma le DBA-2 mice 
between t he ages of" 7 and 8 weeks housed und er con -
troll ed cond it ions of te mperature, humidi ty , and li ght (12 
hours light; 06,00 to 18,00 hr), Tissue was sa mpled from 
four s ites; dorsum , ear , ta il , a nd the pla nta r surface of t. he 
foot. Methyl-t ritia ted thymidine ( l3H ]TdR) (5 Ci/ mM) 
was injected (50 I' Ci intra peri tonea lly) at the foll owin g 
ti mes; 01.00, 05,00, 10,00, 15,00, and 20.00 hr ; mice were 
kill ed a nd sa mples fix ed 40 min after inject ion . Other 
mi ce were given a second dose of" [3H JTdR 2 hI' late r to 
determine t he length of S using the relat ionshi p: T. = 
Ll, · tiLl,-LI. , where Ll, is the ini tia l Ll, and Ll . the LI 
obta ined t hours a fter LJ.. Most of" the deta ils of the 
epiderm a l sheet and sect ion autoradiographi c techniques 
have been described prev iously [9,13- 15 J, 
Ll was determin ed by coun t ing at leas t 2000 ba al 
interfolli cular ce lls from each mouse in either sheet 
preparations or sect ions. The num ber of" ce ll laye rs in the 
epidermis was measured in sections (6 !.t paraffin or 1 
!.t Epon- Ara ldi te), A number of random points were 
selec ted and the number of nuclea ted ce ll layers a nd t he 
number of cornifi ed ce ll laye rs determin ed , T he epider-
ma l sheet prepara tions a lso provide direct informat ion on 
the number of cornified ce lls per mm ', the number of 
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TABLE L Labeling data for DBA·2 male m ice (% L 1)a 
Dorsum (sheets) Ear (sheets) T a il (sections) F OOL (sections) Hairl ess 
T im e of dorsum (sheets) 
day 
A' B' A B A B A B A B" 
01.00 9.5 11.5 9.8 1:3.1 :3.6 2.0 13.6 12.2 15.9 -
1.2(4) ,.. 1.8(6) 0.4(3) ± 1.8(6) ±-0.3(4) 0.5(4) ± 1.1 (6) 3.8(3) ± 1.9(3) -
05.00 12.9 14. 1 12.6 14.3 :J.9 9. 1 10.4 15.9 - -
± 2.6(4) ± 1. ·1(4) ± 2.0(4) ± 1.6(4) ± 0.3(4) ± 1.0(4) ± 1.1 (4) 1.9(4) 
10.00 5.2 5.6 6.6 7.7 5.2 7.4 9.4 11.9 - I 
± 0.3(l4) · 1.1 (4) ± 0.5(J5) 1.0(4) ± 1.6(:J) ± 0.9(4) 2.4(3) ± 1.0(4) 
15.00 '1.3 4.6 6.9 4.9 6.0 6.9 9.5 14.6 9.8 to.5 
± 0.6(8) ·0.7(4) ± O.4(::f) ± O.5(3) oJ. 1.8(5) ± 1.5(4) 0.9(4) ±2.0(4) ± 1.1(9) ± 0.4(5) 
20.00 5.6 7.0 8.S 12.6 3.7 4.0 lO.8 13.3 - -
± 0.7(6) ± 0.7(S) ,.. 0.S(8) ± 1.'I(8) ± 0.3(4) ± 0.2(4) ± 0.S(3) ± I.S(4) 
Mea n 7.5 8.6 S.9 10.5 4.5 5.9 10.7 13.6 - -
± 1.6 1.8 ± 1.1 1.8 0.5 1.3 ± O.S O.S 
T. (hr)' 13.6 11.3 6.4 7.3 - 14.0 
K.' 0.55 0.79 0.70 1.42 -0.7 
- .---
--
a M ea n and standard error (number of mice in parenthesis) . orn e sa mples rep resent pooled data from severa l exper iments (2000- 6000 
basa l nuclei scorcd per mouse). 
' A ~ fl ash labeling. 
c B ~ doubl e labeling (t ~ 2 hr). 
d t = 1 hr. 
<T. -~ 
B - A 
f K , ~  (ce lis/IOO basa l cells/hr) (cell production rate). 
t 
TABI .• E n. Epidermal th ickne:;s 
M o u se dorsum 
H a irl ess dorsum 
E a r 
Foot 
T a il 
Hum a n various sites 
Nuclcll ted 
cciliayers 
4a 
4.5e 
4.5'" 
12c 
6.5" 
5 .5' 
a Coun ts from 250 regions. 5 mice. 
, Counts from 70 regions. 
e Coun ts from 20- 40 regions. 
d Based on counts from 10- 20 regions. 
Cornifi ed 
ceiliayc rs 
6' 
7'" 
11" 
10 118 ] 
30d 
35-41 118 ] 
32" 
lOde 
10- 20 119 ) 
14- 28 [20J 
15- 20 ]21 J 
14- 17 [22 J 
16- 22 ]23 J 
15- 25 [24 J 
18 ]25 J 
10- 23 126 J 
e V a ries depending on site (overa ll mean of published 
and present data is 16). Published data shown by a 
refe re n ce number in brac kets. 
basa l nucl ei per mm ', and the number of basal cells per 
EPU o r cornified cell. These parameters could not readily 
I be d etermined from sheet preparations for ta il , foot, or 
human sampl es, t hough t hey could be inferred from 
counts made on the diam eter of t he cornified cells and 
the average diameter of the basal cells. This was deter-
mined from I ' ll sections, EM photographs, or from 
surface vi ews of th e cornified cells (sheets or sca nning 
EM ) by measuring 40 cornifi ed cells (excluding very short 
profil es) and count ing-the num ber of basa l cells in a 2.5 to 
5.0 mm length of basal layer. Alth ough correct (i.e., 
ce ntra l) posit ioning of t he cornified cre ll profil e was 
difficul t wi th sectioned materia l, accurate ly posit ioned. 
surface·view measurements gave very simil ar va lues 
reinforcing the va lue of the section measurements . T he 
1-11 or E M sections could also be used to determine th e 
fraction of cl ear cells and Lange rh ans cells [10,12, 16. 17 j. 
It was assumed tha t t he cornified cells were roughly 
hexagonal in shape [4 ,5 ] and tha t t he basa l cell bounda· 
ries assum ed the sa me shape but occupied a considerably 
smaller a rea . The area of a hexagon is 0.65 D ' where D is 
the diameter. The number of basa l cells per corni fied cell 
(per EPU) is then given by t he quare of t he product of 
the cornified cell diameter d ivided by the basa l cell 
diameter. 
Small pieces of skin were subj ected to the dopa 
reaction before sheet preparations were made. T hese 
dopa preparations were used to count the number of 
melanocytes. 
RESU LTS 
The la beling index resul ts obta ined in t he pres-
en t experimen ts a re s umm a ri zed in T a ble I fo r four 
regions of DBA-2 epidermis . A limi ted a m oun t of 
data is a lso presen ted for h a irl ess m ouse d orsum . 
The la rges t diurna l varia tions seem to be obse rved 
in d orsal e pidermis. "N igh t" values tend to be 
hi gh er t ha n " d ay" va lues fo r a ll regions exce p t ta il 
where the variations are s m a ller a nd s uggest a 
reversal of t h e s it uat ion found in the other regions. 
The 24-hr m ean values a nd estimates for T . a nd 
cell product ion rates (K ,) a re a lso presented. T he 
490 POTTEN 
number of cells entering S at the five d ifferent 
t imes of t he day vari es great ly from virtua ll y none 
(in some cases the statistica l vari abili ty ind icated 
a negat ive entry into S) to qu ite high va lues 
resulti ng in great variabi li ty in t he estimates of T . 
at diffe rent t imes of the day. 
Measurements obtained in the present experi -
ments of the number of ce ll layers in various 
epidermal regions are compared with some pub-
lished data in Table II . A la rge number of EPU ce ll 
s ize meas urements a lso were made (Tab. III) . The 
various methods of measurement provide fairly 
consistent va lues for the size of the cornifi ed ce ll s, 
basal cells, and the ratio of basa l cells to cornified 
cells (i.e., t he EPU basa l cell population size). The 
size of the cornified ce ll (surface area) varies by a 
factor of 2 but is not related to t he cell proliferation 
rate (Tabs. I, III and [16 J). Table III shows 
estimates for the relative number of Langerhans 
cells in the proliferative zone of the epidermis 
(data from [10,12,16,17 ]) . In dorsal and ear epider-
mis there is one Langerhans ce ll per cornifi ed cell 
(EPU). T he Langerhans cell tends to be situa ted 
toward the center of t he EPU beneath the differen -
tiating ce ll nuclei [9,10,17]. T abl e III shows a 
reasuna ble correlation , for all t he epidermal re-
gions studied, between the observed Langerhans 
frequency and t he frequency predicted on the 
assumption that there is one Langerhans cell per 
cornified ce ll (per EPU). 
Tables IV and V summ arize published MI, LI, 
T ., and T m data together wi th the new estimates 
for T. and LI . The single values for LI in dorsum or 
ea r (presumably daytime samples) are qu ite repro-
ducib le but are lower by a factor of about 2 than 
t he average values over a 24- hr period (Tab. IV) . 
T he same is true of the est imates for T. for dorsum 
with one exception [15 ] where the tec hnique used 
tended to provide an average va lue over a period of 
t ime. In foot and ta il there are few publi shed 
values wi th which to ma ke comparisons. Compari -
sons between single and 24-hr average MI va lues 
are more difficult to make (Tab. V) . 
T he data in Tables III, IV, and V have been used 
to calculate overall average values for t he cell 
production rate for the various regions of epider-
mis. Table VI presents these together wit h a few 
values for mouse tongue and esophagus for com-
parison. For mouse dorsa l skin the data give 
remarkably reproducible values with the exception 
of the 24-hr average MI data . The foot MI data a lso 
differ from the LI data and are a lso inconsistent 
with some t ransit resul ts [18,63,64 ). The plantar 
s urface of the mouse foot is very irregular in its 
t hickness and proliferative activity (LI) . T he pres-
ent data used average values over both pad and 
interpad regions of the foot. 
Hairless mouse dorsum provides rather vari ab le 
ce ll production values with an average almost 
twice that for normal dorsum. Exclusion of all 
ha irless data lowers the mean towards 1.0 cell per 
day per EPU. The ear data are even more variable, 
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both resul ts from this laboratory being higher t han 
the published (but very variab le) data. The ea r 
skin structurally differs li tt le from norm al dorsal 
skin , as do the single and 24-hr average LI data : 
(Tables III , IV). This suggests that cell production 
rates migh t indeed be simila r to those for dorsa l 
skin , i.e., about 1 cell per day . It is clear that both 
foot and tail epidermis are proliferating more 
rapidly (between 4 and 7 times that for dorsum or 
ear) . The overall human cell production rates seem 
rather high when one considers the pu blished 
trans it rate and observed epidermal thickness ( [21] 
and Tables II, III). Both the overall average LI a nd 
MI va lues are inf1uenced strongly by some of t he 
results for human material in vitro [44 ,45 ); om is-
sion of these data lower the cell production rates 
slightly to 2.38 and 3.22 for the LI and MI data, 
respectively. The transit data would indica te that 
these lower fi gures (based on the LI) are more 
reasonable. 
Human skin is proliferating at a rate per EPU 
rather similar to hairl ess mouse dorsum and has a 
gross struct ure somewhat similar to mouse ear or 
tail depending on the paramete rs being studied 
(Tab. VII). The cell production rates, ep iderma l 
thickness (number of cell layers), and transit t ime 
a re interrel ated and have to be consistent with 
each other. The transit time (measured in severa l 
experiments) agrees reasonably well with t he esti-
mates for transit time derived from the ce ll produc-
tion rates, t hus adding weight to the val idi ty of 
both transit and cell product ion measurements . 
The high degree of organization inherent in 
columnar stacking appears to be correlated wit h 
either cell product ion rates below 2 to 3 cells/day/ 
EPU or with an epidermis with a total cellula r 
thickness less than 12 to 15 layers. . 
Melanocytes (or indeterminant ce lls) appear to 
be scattered randomly throughout the basa l layer 
with no apparent relationship to the EPUs. Counts 
on 30 sepa rate a reas (0.57 mm 2) of ea r and epider-
mal sheets from the dorsum provide a value of 3 % 
for the frequency of' melanocytes in the basal layer 
for both regions. This is confirmed ' by electron 
microscopic observations and with thin (1 I-L) 
sections [10] and agrees with fi gures obtained by 
other workers [67- 71] for various sites in several 
species. 
DI SCUSSION 
Labeling Index 
Comparable data prev iously presented agree 
well with the present da ta (i.e ., for dorsal skin) . 
However for most of the epidermal regions there is 
littl e comparab le published materi al. 
Diurnal Rhy thms 
Diurnal rhythms have been well documented in 
the literature. It is, however, difficult to make 
detailed comparisons with other diurnal rhythm 
data since the tissue site , the sampling frequency, 
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TABLE III. EPU size m easurem ents (S') 
Mouse 
H a irl e~s Human Dorsal d OrSUITI Ear Foot Tai l 
S h eet prepa rat iot1! 
EPU width es tim ated" 33 - 25 - - -
b asa l ce ll width es t ima t.ed· 10 8 
EM prepa rations" 
EPU width 36 - 27 22 34 -
Basal ce ll width 9 - 6 5(7) 6 -
(supra basa l)d 
EM s llfface views' 
EPU width 43 - 23 26 - -
1- f..L Sect. ionsl 
EPU wid th 35 27 24 27 35 37 
Basal cell width 11 8 7 7(1 3) 7 7" 
(supraba a l)" 
P r oli fera t ive ce lls!EPU" 10 11 11 16 + 4' 25 20- 28 
A ver age va lues 
EPU width 36 27 25 25 34 37 
EPU a rea! 842 468 406 406 751 890 
EPU/mm ' 11,1 88 2, 136 :2.463 2.463 1.332 1,124 
Expected La ngerha ns 9 9 10 5- 6 4 4- 5" 
f requency based on 
l /EP U(%) 
o b served frequency" 10.5 6.0 8 .1 4.9 4.7 5.5 
Basal ce lls/mm " 14,735 ± 475. 
-
23,309 1457 20,000 20,000 20- 30 "- 10 3 
Basal ce lls/EP U' ]0.59 ± 0. 16 - 9.68 ± 0. 12 - - -
EPUs/mm " 1,397 75 - 2,449 oJ.. 145 
EPU basa l popu la t ion 10.6 11.0 9.7 20 25 20- 28 
size'" 
904 [18 [ 14. 1 [1 8 [ 
Ce ll production ra te l AO - 1.84 6.82 4.20 -
(K ,) 
( cells/EPU/day) 
o Huma n counts based on sa mples from 3 patients (3 x ill ary or abdomina l ski n); 120 corn ifi ed ce lls measured . 
b Estim ated from (I) assumi ng hexagonal pack ing. 
c 1 0 + corn ifi ed ce ll s measured on photogra phs. 
d F igllfes in pa rent hesis a re measurement s for su prabasa l cells. 
e Sca nn ing or sur face replica m icroscopy. 
f Forty cornified ce lls measured and 2.5- 5.0 mm of basa l epiderm is scored. 
8 Inferred from cell measurements in mouse a nd hum a n, obse rved La ngerh a ns cell frequ e n c~' . Hnd observed hum a n 
t ra n s it measurements [21]. 
"Figures based on actu a l measurements ra t. her tha n the fi gures rounded to t he neares t whole number: 
, S up ra basa l pro lifera ti ve ce ll s . 
j (EP U wid th )' x 0.65 (a rea of' hexagon). 
k Counted in 1-1' sec tions (500 basa l ce lls) . 
, Coun ts on 5 mice, 40 EPUs per mouse [9 1. 
(EPU wid t h) ' 
(Basa l ce ll wid th ) 
m O vera ll est imate ta king in to accoun t 1-1' section da t a, average va lues, a nd basa l cell counts in sheets. F igures in 
b rackets a re references. 
1< , ~ 1<., x 24 x~{I< , from Table I. C EP U basa l popu lation size.) 
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TABLE IV. Review of epidermol lab eling data 
LI % T , (hr) T echnique" Reference 
Dorsum 
Ha irl ess dorsum >1 3.4 6.0 A 27 
Ha irless dorsum Ii' 5.3 A 28 
Ha irless dorsum 9 6.8 6. 2 A 29 
C3H abdomen d 3.7 8 .4 C 30,31 
Dorsum · 3.0 6.5 B 32 
Epidermis 6.7 A 33 
BDFI dorsum 2.1 34 
DBA-2 dorsum 4.4 7.5 A 34 
DBA -2 dorsum 3.3 14.0 D 15 
DBA -2 dorsum 4.8 35 
DBA -2 dorsum 2.7 35 
DBA -2 dorsum 2. 6 9 
DBA-2 dorsum <I 4.0 13 
DBA-2 dorsum 4.5 12 
DBA -l dorsum d 5.3 36 
DBA -1 dorsum d 5.2 14 
Mean 4.0 7.6 
Average values over 24- hr period: 
Ha irless dorsum >1 6.0 37 
Ha irle s dorsum d 4.4 8 .4 A 38 
SAS/TO dorsum d 10.7 11.5 B 39 
DBA-2 dorsum d 7.5 13.6 A Prese nt da ta 
Mea n 7.0 11.2 
Ear 
Swiss ea r d 2.8 30.0 B 40 
Swiss ea r d 5. 1 18.4 B 41 
C3 H ea r 4.4 34.5 C 31 
Mea n 4. 1 27.6 
DBA-2 ea r (24- hr average) 8.9 11 .3 A Presen t da ta 
Foot 
Swiss foot d 27.0 17.2 B 41 
DBA-2 fool d (24 -hr average) 10.7 7.3 Presen l da ta 
Tail 
DBA -2 ta il ci (24-hr average) 4.5 6.4 Present d ata 
Human data 
Arm or thigh 4.9 42 
Norm al epidermis 5.2 16.0 B 43 
Norm a l in vit ro 10.5 11.5 B 44 ,45 
Norm a l in vitro 4.8 10.0 A 46 
Abdomen in vi t ro 3.8 7.6 A 47 
Mean 5.8 l UI 
Average values over 18 hr: 
Abdomen 2.4 6.6 A 48 
Lumba r 3.4 49 
Mea n 2.9 6.6 
" A = double la beling: B = FLM; C = T",/T, = MIlL! : D = continuous la beling. 
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TABLE V. Review of epidermal mitotic data 
MI( %) Tm (min) Technique Reference 
Dorsum 
Hairless dorsum <} 0.6 59 F 28 
Hairless dorsum <} 0.5 60 F 50 
Dorsum 60 E 32 
Mean 0.6 60(1.0 hr) 
Average values over 24- hr period: 
SAS/TO dorsum cl 1.2 102 E 39 
Hairless dorsum <} 74 F 51 
Hairless dorsum 1.6 F 38 
Mean 1.4 88( 1.47 hr) 
Ear 
CF inner ear <} 0.1 30 G 52 
Swi sea r 0.1 80 E 40 
Ear (mouse awake) cl 228 F(B) 40,53 
CBA ear cl 252 F 54 
C57 ear cl 186 F 54 
Ear in vitro 168 F 55 
Ear (mouse awake) 210 F 56 
Ear (mouse as leep) cl 156 F 56 
Swis. ear 0.7 222 F 41 
Balb/c ea r 1.8 57 
-
Mean 0.7 170(2.83 hr) 
Average values over 24- hr period: 
Hairless ear 160 F 51 
Foot 
Swiss foot 1.8 198(3.3 hr) F 41 
Human Data 
Normal epidermis 0.9 60 B 43 
Normal epidermis in vitro 2.5 90 B 44,45 
Normal epidermis (0-80 years) 0.4 58 
Forearm 1.1 59,60 
Back 0.4 59,60 
Mean 1.1 75(1.25 hr) 
Average values over 16- 18 hr: 
Abdomen 0.4 72 E 48 
Circum cision O .~ 61 
Circumcision 0.7 62 
Mean 0.5 72(1.2 hr) 
a E = T,n/T, = MIILI ; F = colce mid block; G = x-ray experiments; B = FLM. 
the animal stra in , spec ies and sex, and the hous ing 
and handling conditions a re variable. Reports can 
be found with virtually identical [37,72- 74], 
vaguely similar [38,39,51,75- 80], and completely 
opposite [48,81,82 ] patterns from those suggested 
by t he present data (Tab . 1). 
T. Measurements and the Validity of the 
Techniques 
Ts estimates are strongly dependent on the time 
of day and are subject to considerable variabi li ty . 
The double labeling a nd frequency labeled mitosis 
(FLM) techniques depend on t he following: a 
steady flow of cells through the cycle, which is 
clearly not the case [38,51]; being able to distin -
guish clearly the additional labeled cells produced 
by the second dose of labeled thymidine ; the 
assumption t hat labeled cells are not lost from the 
basal layer durin g the experiment ; and t he as-
sumption that cells labeled by the first dose of 
[3H ]TdR do not divide before t he second dose (this 
latter point may contribute some error to t he 
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T ABLE VI. Epidermal cell production rates" 
Mouse dorsum 
Mean 
Hairless dorsum (ext racted from 
data in Tab les IV and V) 
Mea n 
Mouse ear 
Mean 
Mouse foot 
Mean 
Mouse tai l 
Mean 
Human (var ious s ites)C 
Mea n 
Mouse tongue (ve ntral) 
(dorsal) 
Mouse esophagus 
Cells/EPU/day 
1.34 
1.60 
1.53 
2.4 2 
1.00 
1.40 
1.55 
1.33 
2.82 
1.63 
1.58 
3.52 
2.39 
0.35 
0.58 
1.30 
0.68 
1.84 
0.95 
7.53 
2.62 
5.90 
1.69 
6.82 
4.91" 
6.75 
4.00 
6.32 
5.16 
2.96 
2.53 
5.07 
2.40 
3.24 
2.63 
Ceils/ IOO Comments basal ce lls/hr 
0 .53 Ll data (s ingle va lues) Tab le IV 
0.63 (24-hr average) 
0.60 MI data (s in gle va lu es Tab le V 
0.95 (24- hr ave rage) 
0.39 Trans it ex periment [63 J 
0.55 Present data 
0.61 
0.52 Excluding MI data (24- hr average) 
0.88 LI data (s ingle va l ues) 
0.62 (24- hr average) 
0.60 MI data (single va lues) 
1. 33 
0.86 
0.15 LI data (s ingle values ) Table IV 
0.25 MI data (s ingle values) T a ble V 
0.58 Tra ns it expe rim ents [63 ] 
0.30 [64 1 
0.79 Presen l da ta 
0.41 
1.57 LI data 141] 
0.55 Mldata 141] 
1.38 Trans it ex periments 163 1 
0.50 [64 J 
1.42 Prese nt data 
1.07 
1.45 Exclud in g MI data a nd so me tra nsit 
res ults 164 J 
0.67 Tra nsit ex periment [63] 
1.05 Present data 
--
0.86 
0.51 LI data (s ingle va lues) Ta bl e IV 
0.44 (18- hr average) 
0.88 MI data (s ingle va lues ) Ta ble V 
0.42 (l8- hr average) 
0.56 
0.46 Excluding some in vitro data 14 4,45] 
1.52 MI data [41 j 
0.58 LI data [41] 
1.34 LI data [30,31 ] 
2.14 LI data [30,3 1 J 
1.22 LI data [30,31 J 
1.27 LI data [41 j 
1.34 M l data [41 J 
a Cells/EPU/day = LI X N MI X N where T is in days and N is the nu m ber of basal cells/EPU. 
T T 
• Using a value for N 01'24 (see T;ble III ). 
C Using a value for N of 11 (see T able III) . 
present data for foot and tail where the cellular 
turnover is considerably higher than in dorsal 
skin} . Both the labeling and mitotic data are 
dependent on there being no disturbance of the 
steady-state system by thymidine or colchicine. 
Both substances have been suspected of causing 
changes in cycle progress ion [80,82-85 ), cell dam -
age and killing [86,87 ], and when given together (as 
in some experiments) they may interact. Other 
factors which can inf1uence some or a ll of these 
measurements are: reutilization of labeled mate-
rial [88), delayed uptake of la bel [35 ) and varia'ble 
endogenous pool sizes, induced stimulat ion of t he 
system by some of the proced ures, and t he fact 
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TABLE VII. Cell prolifera tion parameters in epidermis 
Dorsal Hairless Ear Foot Tail Hu ma n dorsum 
Cell product ion rate ( cell s/ 1.3 2.4 1.0 6.7 4.1 2.6 
EPU/day) 
(1.5)" 
prol iferat ive ce ll s/EPU (per 10.6 11 9.7 20 25 20- 28 
cornified cell ) 
EPU area (I'm ') 842 468 406 406 751 890 
Total cell layers 10 12 15 42 38 15-25 
Deduced transit times (days) 7.5 (6.5)" 5 15.8 6.3 9.3 6- 9 
Observed transit t imes (days) 9[63J 4- 5 [65.66 J 11-24 163 ,64J 7 [63J 9 163 J 13.5 [21 J 
Epidermal Columnar" Columnar" Columnar" Random" Random" Columnar" 
orga ni zation Stacking Stacking in Stacking Stacking Stacking Stacking in 
places places 
a Overall average including hairless and MI data. 
b Cornified cells arranged in columns wi th minimal overlap (pi les of plates). 
c Cornified cells random ly arranged one above the other (fallen leaves) . 
d Cornified cells ra ndomly arranged one above the other wi th regular overlap (roof tiles) [16]. 
References in brackets for observed transit measuremen ts. 
that Te in epidermis is long, making it di fficu lt to 
obtain second waves in t he FLM curve. 
Cons idering the errors and va riables inherent in 
t hese estimates , t he best that can be achieved is a n 
overall scheme consistent wi t h the morphology of 
t h e tissue, its suspected t urnover, and its struc-
tural a rrangement and ce llula r in terrelationships. 
The results summari zed in Table VII seem to 
satisfy these requiremen ts. 
Ce ll Cycle Estimates (Te) 
A number of est imates appear in the li terature 
for t he average cell cycle ti me for mouse dorsa l 
epidermis. T hese li e between 75 and 300 hr 
(3.1- 12 .5 day) with a mean of about 116 hr (4.8 
days) [13,15,28,30,32,37,39,89 J. The estimates for 
ear a re all s ignifi cant ly longer (mean: 538 hr , 22.4 
days) [30,40,52,89 J. The s ignificance of these va l-
u es in the context of t he EPU and cell production 
estimates is doubtful. 
Growth Fraction (GF) 
If t he GF of t he basa l layer of dorsa l ep idermis is 
1.0, t hen these Tc are inconsistent with the deduced 
cell p roduction fi gures (Tab. VII). However, it is 
believed that GF is about 0.6 for dorsa l skin 
[10,13,27,30 ] in which case an average Tc of about 
116 hr indicates a ce ll product ion rate per day per 
EPU of 1.33 a nd a cell production rate of exactly 
one per day per EPU s uggests a GF of 0.45. T hese 
calculations are dependent on t he ass umpt ions 
I made about the spread on cycle t imes. If cell 
production is one per EPU per day and t he ent ry 
into div ision cycle is random , then there could be a 
spread in Te from 24 hr to 240 hr giving a mean of 
about 130 hr which is close to t he ob erved and the 
cell production pred icted figures. However, a l-
though a spread on Tc is to be ex pected, it is 
unlikely to be as la rge as t hat indicated above (see 
the FLM data in [39 J). T c is dependent on the 
in terrelationshi p between the GF, cell product ion 
estim ates (thus also on T. and LI which a re 
variab le with the time of day), and t he t ransit rate. 
With these considerations in mind t he value of T c 
estimates are questionab le. T here are no data on 
G F for other regions of epidermis . For ear epider-
mis there i an inconsistency between t he esti-
mates for the average Te, t he cell production rate, 
and t he observed transit times. The ear results are 
more variable t han the dorsa l skin but even with a 
GF of uni ty, t he published T c va lues wou ld sugge t 
a 58-day transit which is clearly incorrect. Wit h a 
GF of 0.6 the Tc data would suggest a 35-day 
trans it which is still considerably longer than all 
published measurements. The LI data and some 
t ransit data would suggest a cell production rate of 
close to one per day per EPU (i.e., very similar to 
dorsal skin) . This would suggest t hat the average 
Tc based on a GF of 0.6 should be about 140 hr (5.8 
d ays) giving a more reasonabl e transit t ime of 
about 15 days. The reason for the 3- to 5-fold 
difference between the present resu lts and the 
e8Jli er published values is not clear. 
Analysis of t he values shown in Tables VI a nd 
VII for ta il , foot , ha irless dorsum , and human 
epiderm is would suggest T c value of 145, 70, 110, 
and 219 hr if GF is l.0, a nd 86,42,66; and 131 if GF 
is 0.6 for each region , re pectively . 
T he dorsa l skin da ta have been considered in 
relation to t he EPU, assuming a model such as 
shown in Figure 1 and a GF ofO.6. T his accommo-
dates t he cell kinetic data assuming t hat t he 40% 
of cells not in t he growth fraction do not provide 
cells at any t ime and t hat wi thin t he remaining 
60%, the cells may be lost from t he basal layer at 
random relative to their last division . If one cell per 
day per EPU is produced, t hen only one of the pro-
liferative cells can be pass ing through the cycle (8, 
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TABLE VIII. Implications (or epidermal growth 
(ractions (GF) 
GF' 
1.00 
0.60 
-0.10 
-0.11 
Comments 
Under cond itions of continuous labeling, all 
basal cells will label 
Derived or implied from prev ious work . Forty 
percent, i.e., 4 ce ll s/EPU , may be maturing 
postmitotic ce lls. Does not account for ce lls 
in Go in model 110,13,27,30,31,63,64]. 
GF if defined as fraction of basal cells with 
regenerative potential Ill]. 
Theoretical values accounting for postmitotic 
maturing cell s and those proliferative cells 
temporari ly in Go. If on ly one cell is produced 
per day/per EPU, then only one cell will be 
passing through S, G2 , and M each day, the 
others must be either precisely phased or 
temporarily arrested. Approx imately 10 to 
14% of the clonogenic stem cells will also be 
in cycle at any given time. 
G 2, and M) at any given time. Alternatively, the 
cells must be precisely phased in relation to each 
other's cell cycle. In the former case where only 
one cell is " in cycle" at a time, the GF must be 0.1; 
the cell cycle of this cell being equa l to the EPU 
cycle, i.e., 24 hr. In the latter case (the phased 
cells) something like 6 out of the 10 basal cells (the 
other 4 not being involved in keratinocyte produc-
t ion) would have cell cycles of about 5 days, each 
ce ll 's cycle being precisely controlled (in G 1 or G 2 ; 
[90- 94 ]) and phased in relation to the other 5 cells. 
Some implications for growth fraction are shown in 
Table VIII. 
Epidermal Stem Cells 
T he high degree of structura l orga nizat ion seen 
in t he EPU is hard to reconcil e with a model based 
on random movement off t he basal layer. Transit 
rate experiments or studies of t he first appearance 
of supra basal labe led nuclei indicate t hat there are 
2 to 4 basal cells which have finished t he division 
process and are " maturing" before moving il:to t he 
supra basal layer [27 ,63,64 ]. The presence of t hese 
" post -mitotic" maturing basal ce ll s suggests a 
difference in age between the 10 to 11 EPU basal 
ce lls . T his is supported by some quantitative 
radiobiologic experiments where t he fraction of 
c1onogen ic (regenerative) cells was found to be 10% 
or less of all the basal cells , i.e. , one " stem " cell per 
EPU) [11] . Morphologic st udies add further ev i-
dence of the variation in " maturity" of t he basal 
cell s within an EPU [8,10]. Finally, cell kinetic and 
EM stud ies indicate t hat most of t he ce ll divis ion 
a nd all t he migration in to t he supra basal layer 
occur in t he peripheral region of t he EPU while t he 
cells toward the center respond efficiently to 
wounding stim uli [9,10,17,95]. These data taken as 
a whole suggest a well-defined hierarchy of cellular 
maturity, different iation, or age, t he ce ll s toward 
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the center be ing the least immature . One of these 
immature central cells acts as the EPU stem cell. 
Langerhans Cells 
Toward t he center of each uni t t here is a cell 
with quite distinct morphologic cha racteristics, 
some suggesting that it is a Langerhans cell [67, 
96]. The most specific feature, the Langerha n s 
granule, is present in low numbers in mouse 
dorsal skin makin g positive identifi cation difficult. 
Even in regions wi th a high proliferative ra te the 
ratio of Langerhans cells to corneocytes appears to 
be 1:1 (Tab. III). At first sight the dendritic nature 
and the presence of granules (a s ign of poss ible 
differentiation) make t hese cells unlikely candi-
dates for the EPU stem cell. However, t hey can 
dramatically change t heir morphology, part icu -
larly in res ponse to the stimulus for regeneration 
[17]. Differences in appearance can be observed 
even in normal epidermis. A model has been 
proposed suggesting t hat Langerhans cell s act as 
stem cells and may also aid in t he control of a ll 
basal proliferation [1 2 ]. 
The EPU Stem Cell M odel 
The entire basal layer has been regarded as a 
"stem cell " compart ment , being se lf-ma intaining 
a nd containing cells of essentially iden t ical prolif-
erative capacity (Fig. 1) . This is a n oversimpli fica_ 
tion; firstly, t here are nonkeratinocyte-produci n g 
cell s in the basal region (melanocytes, Merkel ce lls, 
etc.); secondly, there is the probabi lity of cells 
being temporarily out of cycle , i.e., in periods of 
quiescence (Go) [94] (e it her in G" or G 2 [93,94]); 
and thirdly, the cell s may have different inherent 
potentials for division (postmitotic ma turing cells 
with no division potential, and a few cell s with an 
unlimi ted (regenerative) divis ion potenti a l, i.e., a 
sub population of stem cells). Theoretical and ex-
perimenta l data suggested t hat some cells (abou t 
40%) were not mitotically active [13,27 ] while 
cont inuous labe ling procedures indicated a GF of 
unity [15,39]. 
The model shown in Figure 1 may need modifi-
~G_;~ __ ~"~I __ D ___ I~ ---
FIG. 1. Basic model for epiderm al cell proliferation . 
Basal cells (8) are a fairly homogenous "stem cell " 
population which on division prov ide cells that maint.~in 
the size of the stem cell compartment and also prOVide 
cells that move into the differentiating compartment (D) . 
The loss from the basa l (proliferat ive) layer to the 
suprabasal (d ifferentiati ng) layer is random and deter-
mined by local pressures and the fact that the basal layer 
must be covered wi th cells. 
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FIG. 2. Stem cell model for epidermal cell proli feration. 
Basal stem cells (B) produce one stem cell and one 
non-ste m cell at each division. The non·stem cells a re 
capable of a few "amplification" divisions (C) before 
diffe rentiating (D). They are, however, com mi tted to 
different iation. 
cation to include a discrete self-ma in ta ining im -
mature subpopulation of prolifera tive basal cells 
(Fig. 2) which feed cells in to a second prol iferative 
population where they undergo a few further divi -
sions before leaving t his second compartment 
sometime before migration from the basal layer. 
The model can be schematically repre ented in 
tenIlS of an EPU (F ig. 3) with 9 basal cell s, and a 
centrally positioned stem ce ll (Langerha ns cel!? ) 
surrounded and enclosed by two other basa l cells 
(cells 2 and 3) which are the daughters of t he two 
preceding stem ce ll divisions. The divis ion prod -
ucts of these intermediately pos itioned cells move 
to the peripheral position where a furt her division 
may occur before maturation a nd migration (e.g., 
cells 8 and 9). 
This model will accommodate t he ex isti ng ce ll 
kinetic data. Each EPU has a daily cycle of ce ll 
production with each stem ce ll having approxi-
mately a weekly cycle (9). A new intermediate cell 
is produced during each cycle with the potential to 
divide three times. These 2 cells have different 
maturities (one stem cell cycle apart). T he first 
two divisions of t hese cells may have cycles of 
between 5 to 8 days both producing daughters that 
are pushed to the peripheral position where t hey 
may divide once more. There are 2 to 3 postmitotic 
maturing basal cells awaiti ng migration in t he 
peripheral position, leaving 5 to 7 productive ce ll s 
(excl uding the stem cell) . On t his bas is a cell a day 
per EPU is produced while t he stem cell divides 
once a week and there will be li ttle i1uctuation in 
basal cell density [9,10]. Each stem cell division is 
ampl ified approximately 8-fo ld by t he 3 divisions 
of its daughters. The model predicts a preci e 
sequ e nt iai senescence (differentiat ion) commenc-
ing with a stem cell division passing through some 
"committed" cell divisions and term inating with 
the loss of a superficial dead corn ified cell. 
The model suggests an unequal division as the 
initia l event, i.e ., the production of both a stem cell 
and a C cell (Fig. 2). This could be achieved either 
by one of the daughters receiving a unique cellular 
component or message (Langerhans granules?) or 
by a position effect. Since only one cell can occupy 
the central position in t he EPU , be enclosed by t he 
two intermediate positioned cells, and have con-
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tact with most other EPU basal ce ll s via its 
dendrites , pos it ion effects would seem likely. How-
ever a third possibili ty cannot be excluded , namely 
t hat t he stem cell population is rep laced after 
da mage, or after t he ra ndom loss of both daughters 
of stem ce ll division, by cell from outside the EPU 
(Langerhans cells are believed to have some migra-
tory capacity) , or by a reversion of t he youngest C 
cell to a B cell (the in termediate ly positioned C 
cells a re the other po sibl e candidates for the role 
of EPU stem ce ll ). 
T he scheme suggests a function for t he Langer-
han cell in epidermis (and poss ibly elsewhere). 
o 
o 
-
FIG. 3. Schematic representation of the EPU with t he 
maturation of cells shown. Each EPU has a single 
centra lly posit ioned " stem" cell (number 1) which is 
surrounded by the two "youngest" cells. These young 
basal cells (positions 2 and 3) have t he abili ty to divide 2 
to 3 times, the daughters of these divisions moving into 
the periphera l position (when viewed from t he surface as 
in t he lower diagram.) where t hey may undergo their fina l 
d ivis ion. Afte r t his final division, t he daughters remain 
on t he basal layer for a length of t ime and mature, 
gaining t he volume and "information" necessary to 
enable t hem to spread to cover t he EPU a rea on 
migration. Migration occurs fro m t he peripheral position 
(posit ion 9), t he cells moving towards the center of the 
EPU into t he column (upper diagram. which represents a 
section t hrough the EPU). T he numbers do not represent 
fixed positions but cell maturi ty. T he peripheral cells 
may be posit ioned randomly. 
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These cells have been described now for over a 
century (96) but li ttle is known of t heir or igin , fate, 
or function [67]. There appears to be some rel a -
t ionship between t he behav ior of t hese cells and 
the proliferative behavior of t he EPU which has led 
to t he suggestion that t hey may play a role in 
controlling the proliferative activity [1 2,95,98-
102 ). The control might be mediated by t he cha rac-
teristic granules in the cytoplasm, t he frequency of 
which seems inversely related to proliferative activ-
ity [12 ). 
T he majority of the ce ll divisions will t hus be 
term inal divisions prior to mat uration and migra-
t ion, expla ining t he diffi culty in obtaining second 
FLM peaks. The three cell cycles might have 
different rates possibly slowing down as t he ce ll 
becomes more mature . T hese slowly cycling older 
cells outn umber the others, t hus inf1uencing cell 
cycle measurements and possibly accoun ting for 
the variability in t hese parameters . It is not clear 
at present what function the 5 to 10% stimulus 
responsive G 2 blocked cells [93,94 ) have in t he 
EPU since t heir topograp hy is not known. 
Finally, under conditions of continuous labeling, 
a ll basal cells will be labeled. However, ass uming 
t he validity of the model presented , t his type of 
experiment provides li ttle in formation regardin g 
the basal cell "growth fraction." 
Studies on both steady-state and stim ulated 
dorsal epidermis have led to the conclusion that 
control mechanisms operate at both t he inter-EPU 
and intra-EPU level [103 ). One aspect of the 
inter-EPU control might determine columnar 
stacking and t his might be achieved by control of 
migration from the basa l layer, i.e ., at t he poin t of 
entry in to t he columns (affecting postmitotic mat-
uration t ime and basa l ce ll density) . Intra-EPU 
control may be partially achieved by t he produc-
tion of a proliferation inhibitor which might be syn-
thes ized in the L cells and operate on all EPU cell 
divis ions . T he synthesis of t his inhibitor could be 
partially controll ed by the basal cell populat ion 
density, the more basal cells t he greater the control 
of proliferation inhibitor synthesis and t hus ulti -
mately less cell division . 
The technical ass istance of Irene Wylie, Margaret 
Grimes and Dorothy Robinson has been greatly a pprec i-
ated . 
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